ABSTRACT: Transhydrogenase (TH) is a dimeric integral membrane enzyme in mitochondria and prokaryotes that couples proton translocation across a membrane with hydride transfer between NAD(H) and NADP(H) in soluble domains. Crystal structures of the NAD(H) binding R1 subunit (domain I) of Rhodospirillum rubrum TH have been determined at 1.8 Å resolution in the absence of dinucleotide and at 1.9 Å resolution with NADH bound. Each structure contains two domain I dimers in the asymmetric unit (AB and CD); the dimers are intimately associated and related by noncrystallographic 2-fold axes. NADH binds to subunits A and D, consistent with the half-of-the-sites reactivity of the enzyme. The conformation of NADH in subunits A and D is very similar; the nicotinamide is in the anti conformation, the A-face is exposed to solvent, and both N7 and O7 participate in hydrogen bonds. Comparison of subunits A and D to six independent copies of the subunit without bound NADH reveals multiple conformations for residues and loops surrounding the NADH site, indicating flexibility for binding and release of the substrate (product). The NADH-bound structure is also compared to the structures of R. rubrum domain I with NAD bound (PDB code 1F8G) and with NAD bound in complex with domain III of TH (PDB code 1HZZ). The NADH-vs NAD-bound domain I structures reveal conformational differences in conserved residues in the NAD(H) binding site and in dinucleotide conformation that are correlated with the net charge, i.e., oxidation state, of the nicotinamides. The comparisons illustrate how nicotinamide oxidation state can affect the domain I conformation, which is relevant to the hydride transfer step of the overall reaction.
The energy-transducing nicotinamide nucleotide transhydrogenases of eukaryotic mitochondria and bacteria are homodimeric integral membrane proteins of monomer molecular mass of about 110 kDa. They catalyze the direct and stereospecific transfer of a hydride ion between the 4A position of NAD(H) 1 and the 4B position of NADP(H) in a reaction that is coupled to transmembrane proton translocation with a H + /H -stoichiometry of n ) 1 (eq 1) (1-4).
In bovine submitochondrial particles, the proton motive force (pmf) accelerates the forward reaction 10-12-fold, and shifts the equilibrium toward product formation. In the reverse direction, transhydrogenation from NADPH to NAD results in outward proton translocation and creation of a pmf. Because there is essentially no difference in the reduction potential of the nicotinamide cofactors, the driving force for proton translocation coupled to the reverse reaction is the difference in binding affinities for substrates (NADPH, NAD) and products (NADH, NADP). In mammalian mitochondria, a function of TH is to produce NADPH for reduction of toxic H 2 O 2 by glutathione reductase and glutathione peroxidase. TH monomers are composed of three domains: a 400-430-residue hydrophilic domain I, a 360-400-residue hydrophobic domain II, and a 200-residue hydrophilic domain III. In mammalian TH, the domains are arranged in a single polypeptide as domains I-II-III; in bacterial TH, the domains are distributed into two or three subunits (1, 2, 5) . Domains I and III are extramembranous while domain II is membraneintercalated and contains the proton channel. The binding sites for NAD(H) and NADP(H) reside separately in domains I and III, respectively (1, 2, 5) ; hydride exchange between domains I and III is coupled to proton transfer involving domain II (eq 1). In Rhodospirillum rubrum, TH is comprised of three separate polypeptides, R1, R2, and (1, 6) : the R1 subunit corresponds to domain I; the R2 subunit contains a short C-terminal segment of domain I and the N-terminal portion of domain II; the subunit contains the remainder of domain II and all of domain III.
To date, structural studies of TH have focused on recombinant preparations of the hydrophilic nucleotide NADH + NADP + nH + out h NAD + NADPH + nH + in (1) binding domains I and III. Crystal structures of bovine and human domain III with NADP bound have been determined (7, 8) . This 20 kDa domain contains a classical nucleotide binding fold, but NADP is bound in an inverted orientation from that normally observed for this fold, exposing the nicotinamide ring for direct contact with NAD(H) in domain I. A crystal structure of Rhodospirillum rubrum TH domain I (R1 subunit) with NAD bound containing two dimers of 40 kDa subunits has been determined (9; PDB code 1F8G).
In this structure, the domain I subunit is comprised of two subdomains, dI.1 and dI.2, each with a Rossmann nucleotide binding fold, arranged about a deep cleft. The NAD binding site resides within this cleft at the C-terminal edge of the parallel -sheet in the dI.2 subdomain. The domain I dimer contains a local 2-fold axis of pseudosymmetry such that the two NAD binding sites face away from each other. Both the dI.1 and dI.2 subdomains are involved in formation of the dimer, and in the crystal structure of the NAD complex, each dimer in the asymmetric unit contains one well-ordered and one disordered NAD (9) . A structure of a cocrystallized complex between R. rubrum domains I and III has been determined revealing details of the interactions in the domain I:domain III interface (10; PDB code 1HZZ). In this complex, the TH domain I dimer and domain III monomer are very similar to the structures observed in crystals of these individual TH components (7) (8) (9) . The cocrystal structure reveals a close association of a single domain III monomer with the domain I dimer; the interaction involves conserved residues in loops of domain III surrounding NADP, present in the crystals, with conserved residues in domain I from subdomains dI.1 and dI.2 in the 'B' subunit, and from subdomain dI.2 in the 'A' subunit (10) . Hence, the crystallized complex is a 'heterotrimer' containing a dimer of domain I subunits in association with one copy of domain III, even though intact, membrane-bound TH is expected to be a homodimer. The structure suggests that interaction of domain III with domain I subunits is mutually exclusive, such that only one domain III subunit interacts at a time (10) , in the 'occluded' form, as observed, and in an 'open' form, corresponding to the other domain III subunit in the holoenzyme. This feature of the complex is incorporated into an 'alternating site, binding change mechanism' for proton translocation by TH (11) . The direction of the 2-fold axis in the heterotrimeric complex further implies that domain III resides between domain I (in the cytosol) and domain II, which is intercalated in the membrane (11) .
The heterotrimeric domain I:domain III complex contains well-ordered NAD bound in the 'A' copy of domain I, but disordered NAD in the 'B' copy, which is the subunit that interacts closely with domain III (10) . To visualize the juxtaposition of NAD and NADP in the complex, NAD was modeled into the 'B' subunit of domain I based on its observed mode of binding in the 'A' subunit (10) . The resulting structure, of domain III with NADP bound interacting with a dimer of domain I with NAD modeled into the site adjacent to NADP, provides a basis for detailed consideration of the roles of the conserved residues in both domains during hydride transfer, and the requirements for conformational changes during proton translocation (11) .
In this paper, we report an independent structure determination of domain I (R1 subunit) of R. rubrum TH in the same crystal form with two dimers in the asymmetric unit.
High-resolution structures have been determined in the absence of NAD(H) and with NADH bound, and singlecrystal spectrophotometry was used to confirm the presence of NADH. These new structures, considered together with the domain I structures with NAD bound (9, 10) , provide a complete picture of the states of domain I with respect to NAD(H) binding. The structures are compared to the NADbound form (9) , and evaluated in terms of the observed interactions with domain III (10) and the proposed mechanism for the hydride transfer reaction (11) . The unique conformation and interactions for NADH are established, and comparison of the free and bound states implies conformational changes required for binding nucleotide. Further, comparison of the NADH-and NAD-bound forms reveals conformational changes of conserved residues in the active site, in particular Arg127 and Gln132, which are correlated with the reduced state of the nicotinamide. The results are supported by the presence of multiple copies of the domain I subunit in the asymmetric unit of the crystals in this study and in the structures of the NAD complex (9, 10) . Together, the results provide insight into the conformational changes associated with the hydride transfer reaction, which is coupled to proton pumping in TH.
EXPERIMENTAL PROCEDURES
Protein Preparation and Crystallization. The soluble R1 subunit (domain I) of R. rubrum transhydrogenase was expressed and purified as previously described (6) . The selenomethionine (SeMet) derivative was expressed according to the procedure of Doublié (12) and purified as for domain I. Crystals of domain I are rhombic plates of approximate dimensions 0.3 × 0.3 × 0.05 mm and were grown at 4°C by vapor diffusion from a 22 mg/mL protein solution in 10 mM Tris-HCl, pH 8.0, 10 mM ammonium sulfate, 1 mM dithiothreitol, and 0.5 mM PMSF. The reservoir solution contained 18% w/v mPEG 2K in 100 mM Tris-HCl, pH 7.5, and 1 mM magnesium acetate, and was mixed in equal volume (3 µL) with the protein solution. The crystals appeared in 3-5 days. They were monoclinic, space group P2 1 , with two domain I dimers in the asymmetric unit ( Table 1) . Crystals of NADH-bound domain I were grown under the same conditions (aerobically) with inclusion of 5 mM NADH (Sigma) in the protein solution. These crystals appeared in ∼1 week and were similar in appearance except for being distinctly thicker (∼0.1 mm). Crystals of the NAD complex (9) were grown using these conditions and 5 mM NAD (Sigma).
Single-Crystal Microspectrophotometry. UV-visible spectra of crystals of TH domain I, with and without NAD(H) cofactors bound, were measured to probe the presence and oxidation state of NADH in the crystal. Crystals were grown under the same conditions as used for X-ray data collection. Single crystals were transferred to a cryoprotectant solution of 20% v/v PEG 400 for native (apo) domain I, and 25% v/v MPEG 550 for domain I bound to NAD(H), in a synthetic mother liquor consisting of 18% w/v mPEG 2K, 100 mM Tris-HCl, pH 7.5, and 1 mM magnesium acetate. Prior to freezing, the crystals were soaked for >10 min, to wash out excess NAD(H) and other reagents not specifically bound to protein molecules in the crystal. The microspectrophotometer is mounted on an optical bench and equipped with a Mercury-Xenon arc lamp light source, optical components to focus the incident beam to 5 µm, and a linear CCD array detector. Crystals were mounted on nylon loops, transferred to a goniometer head, positioned with translation stages, viewed with a binocular microscope, and maintained at 100 K with a liquid N 2 supplied cryo-stream. Spectra were measured with the incident beam approximately normal to the face of the platelike crystals. Spectra were collected in the wavelength range 260-700 nm. As each crystal specimen had a different thickness, it was necessary to adjust the incident beam intensity and count time to obtain similar baseline absorbance in the visible region (400-700 nm) of the spectrum, and also to observe the absorbance at ∼340 nm for crystals containing NADH. Consequently, a separate reference spectrum was measured at the same incident intensity and count time for each sample.
Data Collection. For X-ray data collection, crystals were flash-frozen at 100 K using a cryoprotectant of 20% v/v PEG400 (native and SeMet domain I) or 25% v/v MPEG550 (NADH-bound domain I) in synthetic mother liquor as described above. Data were collected at Stanford Synchrotron Radiation Laboratory (SSRL) beam lines and processed with CCP4 programs (13) ( Table 1 ). For each data set, it was necessary to screen 10-20 crystals due to variable mosaicity in the diffraction observed when the X-ray beam was normal to the thin edge of the plates.
Structure Solution. Experimental phases were derived by a combination of SAS and MAD methods using the SeMet derivative. A redundant SAS data set (Table 1) collected at the Se absorption edge was used to locate 56 of 60 Se sites in the asymmetric unit with the program SnB (14) . For this calculation, low-resolution data to 52.0 Å d spacings were included, the data were scaled, normalized, and filtered with Drear (15) , and recommended options in SnB were employed. The distribution of trial solutions was bimodal (Rbest 0.473 vs Rworst 0.585) with 1.2% of solutions being correct. The Se sites for the best solution were refined using the program Sharp (16) , and protein phases were calculated with Sharp using the SAS and three-wavelength MAD data sets ( Table 1 ). The resulting electron density map was interpreted in terms of R-helical segments within the four independent subunits in the asymmetric unit in order to define noncrystallographic symmetry (NCS) operators. The electron density was then 4-fold-averaged and solvent-flattened using the program DM (17) ( Table 1 ). The averaged electron density was used for chain tracing and model building using Xfit (18) .
Refinement. Four copies of the domain I model were positioned in the asymmetric unit by molecular replacement and refined by simulated annealing against the native data (Table 1 ) using the program CNS (19) . The model for the a Values in parentheses correspond to the highest resolution shell. b Rsymm ) 100 × ΣhΣj|Ihj -Ih|/ΣhΣjIhj where Ih is the weighted mean intensity of the symmetry-related reflections Ihj. c Isomorphous and anomalous phasing power is the ratio of the calculated heavy atom structure amplitude to the lack of closure. d R ) Σ||Fobs| -|Fcalc||/ Σ|Fobs|, where |Fobs| and |Fcalc| are the observed and calculated structure factor amplitudes, respectively. native protein was subsequently refined against the data for NADH-bound domain I using rigid-body and simulated annealing refinement with CNS (Table 1) . NADH molecules were interpreted in unbiased difference electron density and included in the model. Both the native and NADH-containing domain I models were subjected to multiple iterations of adjustment and editing in σ A -weighted 2|F o |-|F c | maps with inclusion of H 2 O molecules and further refinement. Statistics for the final models are included in Table 1 . Including all four subunits of the native domain I structure, 99.8% of residues are within most favored or allowed regions of the Ramachandran plot; for the NADH-bound domain I structure, this is 99.0% of residues. Coordinates for the native and NADH-bound domain I structures have been deposited in the PDB with accession codes 1L7D and 1L7E, respectively.
RESULTS

NADH-Containing Crystals.
To confirm that R. rubrum TH domain I crystals grown aerobically from 5 mM NADH do contain the reduced cofactor, single-crystal UV-visible spectra were measured at 100 K using a single-crystal microspectrophotometer, as described under Experimental Procedures. Similar spectra were also measured for crystals of the apo-and NAD-containing crystals. As shown in Figure  1 , crystals of the apo-and NAD-containing protein show no absorbance at longer wavelengths beyond the intense protein peak at 280 nm, while a NADH-containing crystal exhibits a distinct peak at ∼340 nm. The characteristic absorption of dihydronicotinamide in NADH at 100 K is at 347 nm (20) . Due to the optical density of the crystals, it was necessary to use higher incident beam intensity and longer counting times, to observe the NADH absorption. Under these conditions, the protein absorption at 280 nm exceeds the upper limit of detection, so that it has not been possible to determine absorbance ratios at 280 nm vs 340 nm for the different crystal specimens and to estimate the relative occupancy of NADH. Nevertheless, a peak at ∼340 nm was consistently observed in all five NADH-containing crystals that were measured, while spectra of six apo-and six NADcontaining crystals, measured at identical incident beam intensity and for similar count times, do not show absorbance at ∼340 nm. This confirms the expectation that the cofactor is not oxidized under the aerobic crystallization conditions used. It can be noted that single-crystal absorbance and fluorescence spectra of malate dehydrogenase show that oxidation of NADH in crystals is very slow; i.e., reduced cofactor is observed after months of aerobic storage (20) . For domain I, all crystals were frozen for spectrophotometry or data collection within 1-2 weeks of being grown. Finally, because the apo-, NAD-, and NADH-containing crystals are back-soaked to remove excess, unbound reagents, and frozen under very similar cryoprotectant conditions, the singlecrystal spectra confirm the presence of NADH in domain I crystals used for X-ray data collection.
Domain I Structure. We initiated structural studies of transhydrogenase with determination of the bovine domain III structure at 1.2 Å resolution (7). Subsequently, we obtained crystals of R. rubrum domain I (R1 subunit), collected native data, and MAD and SAS data sets (Table  1 ). In the meantime, Buckley et al. reported the structure of R. rubrum domain I with NAD bound at 2.0 Å resolution in the same monoclinic crystal form (9) . At this point, we had determined 56 of the 60 Se positions in the SeMet derivative (Table 1) . Because the coordinates for the NAD complex were on hold for 1 year (PDB entry 1F8G), we continued with the interpretation of the structure independently. However, knowledge of the overall fold of domain I, in particular that the structure contained long R-helices ( Figure  1 of ref 9 ), facilitated interpretation of the initial electron density maps and definition of the NCS operators. The 4-fold averaged map resulted in excellent electron density, and was used for model building. We carried out refinement of the domain I native, i.e., 'apo', structure at 1.8 Å resolution (Table 1) . Subsequently, we determined the structure of the NADH complex at 1.9 Å resolution (Table 1; Figure 2 ). The domain I models derived from the independent structure determinations are overall very similar with rms differences in CR positions of 0.35-0.55 Å (below). Together, the structures with NAD bound (9, 10) , with NADH bound, and in the absence of dinucleotide substrate provide the basis for observing conformational states relevant to the function of domain I in the holoenzyme.
For purposes of discussion, the R1 subunit of R. rubrum TH is considered domain I of transhydrogenase. As observed for the NAD complex (9), the crystal structure contains two domain I dimers in the asymmetric unit; in each, a local 2-fold axis relates the individual subunits, which are denoted A and B in one dimer, and C and D in the other (Figure 3) . The four crystallographically independent subunits are designated dI(A), dI(B), dI(C), and dI(D) (Figure 3 inset) . The 40 kDa domain I protein is comprised of two distinct, separately folded components or subdomains ("domains" in terms of the protein architecture); these are designated dI.1 and dI.2 ( Figure 3 inset) (9, 10) . The protein architecture of the subunit and the arrangement of the dimer are as observed for the NAD complex (9) and in cocrystals with domain III (10) . Briefly, the dI.1 and dI.2 components each contain a central -sheet and flanking R-helices with the topology of nucleotide binding folds. The dI.1 component is comprised of residues 1-137 and 328-384, and the dI.2 component of residues 138-327 (9). The -sheet of dI.1 contains strands FIGURE 1: UV-visible spectra of single crystals of domain I of R. rubrum transhydrogenase grown with NADH (solid line), with NAD (dashed line), and in the absence of added cofactor (dotted line). Spectra were recorded as described under Experimental Procedures for crystals at 100 K. Prior to freezing, crystals were back-soaked in cryoprotectant to remove excess NAD(H). The dihydronicotinamide moiety of NADH exhibits an absorbance peak at ∼340 nm.
arranged in the order c 1 b 1 a 1 d 1 e 1 f 1 g 1 h 1 where only strand g 1 is antiparallel to the others; the -sheet of dI.2 contains strands arranged in the order c 2 b 2 a 2 d 2 e 2 g 2 f 2 where only strand f 2 is antiparallel to the others. The -sheets are linked by a pair of long R-helices that connect strands f 1 fa 2 (helix residues 135-155) and g 2 fg 1 (helix residues 327-346); these helices lie to one side of the subunit, and the C-terminal ends of the -strands are oriented toward a cleft separating dI.1 and dI.2. The long f 1 fa 2 helix is extended at its C-terminus by an antiparallel -loop (residues 160-173) that forms extensive contacts with the 2-fold related subunit (Figure 3) . Overall, the architecture of the dimer is such that interactions between dI.1 and dI.2 in 2-fold related subunits are more extensive than between dI.1 and dI.2 in the same subunit.
NADH Binding Site. NADH is bound to one subunit (A, D) of each dimer (Figures 2 and 3) . The interactions between domain I and NADH (Figure 4 ) are similar to those observed for NAD (9, 10) except in the region of the nicotinamide, where distinct conformational differences occur and where the nicotinamide is exposed in the cleft between dI.1 and dI.2 (below). The adenosine monophosphate (AMP) moiety of the dinucleotide binds across the C-terminal ends of the -strands of dI.2 in typical fashion for nucleotide binding proteins. A R element within this parallel -sheet makes contacts to ribose and phosphate via a Gly179-Val-Gly181 motif (strand a 2 ) and Asp202 (strand b 2 ), which hydrogen bonds to both 2′-and 3′-hydroxyl groups, providing specificity for NAD vs NADP. The N-terminal dipole of the R-helix in this R element (residues 181-193) is directed toward both phosphates. An adjacent conserved residue, Arg204, hydrogen bonds with each ribose of NADH (Figure 4) . Adenine of the AMP moiety is buried within the hydrophobic core of dI.2 with complementary interactions of N1 and N6 with Gln247.
The nicotinamide nucleoside portion of NADH is exposed in the cleft between the domains where the nicotinamide occupies a pocket at the base of the long f 1 fa 2 R-helix that extends toward the 2-fold axis and links dI.1 to dI.2 ( Figure  3 ). The open pocket is formed by a 1.5-turn 3 10 -helix following the f 1 strand, and residues at the N-terminal end of the R-helix (residues 126-138) ( Figure 4 ). As noted for the NAD complex (9), six of these residues are conserved in TH domain I sequences, i.e., Pro126, Arg127, Ala131, Gln132, Asp135, and Ser138. Arg127 is extended across the binding pocket and interacts with the nicotinamide nucleotide phosphate; Gln132 interacts with the nicotinamide side chain; and Asp135 and Ser138 are within 3.2-3.7 Å of nicotinamide atoms. Arg127 and also Arg204 are in contact with a loop of residues 224-240 having a -turn at Gly233-Gly234. Three residues in this loop closest to the arginines, Gly234, Tyr235, and Ala236, are also conserved. This loop, together with the open pocket of conserved residues and the R element, defines the nicotinamide binding site. However, this loop is flexible, being disordered in six copies of the subunit in the absence of NADH, but significantly more ordered when NADH is bound ( Figure 4 ; Table 1 ). This loop is also observed to be mobile in crystals of domain I with NAD bound, but it becomes defined when Tyr235 hydrogen-bonds to NAD or Arg127 (9, 10) .
Three reagents, FSBA, DCCD, and EEDQ, have been used to identify functionally important amino acids in domain I of transhydrogenase. In particular, these reagents chemically modify residues in the bovine enzyme corresponding to R. rubrum residues Tyr235, Gln247, and Asp222 (1). Because the enzyme is protected from these inhibitory modifications by NAD(H), these residues are implicated in the NAD(H) binding site. Consistent with this, Gln247 is in direct contact with adenine of NADH and Tyr235 is part of the binding site ( Figure 4) ; modification of Asp222 might be explained by an effect on the adenine binding pocket in dI.2.
The NADH binding site, which involves minimal contacts to the nicotinamide, leaves it exposed to solvent in the cleft between dI.1 and dI.2; however, the conformation of NADH is well-defined and very similar in both subunits dI(A) and dI(D) ( Figure 5 ). In accord with the known stereospecificity of the reaction (1-4) the pro-R face (A-face) of the nicotinamide at C4 is fully exposed while Arg127 occludes the pro-S face (B-face), which is 3.9-4.9 Å from the nearest side chain atom of Arg127. The anti conformation about the glycosidic bond (Figures 4 and 5) is consistent with the observed tendency for enzymes exhibiting pro-R stereochemistry to adopt this conformation (23) . The anti stereochemistry for NADH is supported by hydrogen bonds involving N7 and O7 of the nicotinamide carboxamide group with the carbonyl of Ile128 and the side chain of Gln132, respectively. These interactions appear to ensure the correct orientation of the reduced nicotinamide in its exposed binding site.
Comparison of Subunits. The crystal structures of the native and NADH-bound R1 subunit (Table 1) conformation in the A and D subunits occupied by the dinucleotide is very similar (<0.25 Å difference for 44 atoms), and similar hydrogen bonds involving N7 and O7 are formed in each case ( Figure 5 ). This suggests that the observed conformation is relevant to hydride transfer when domain I interacts with domain III in the intact enzyme.
In contrast, there is significant variability in the six copies of domain I in the absence of NADH. The three residues with the greatest variation are Arg127, Gln132, and Arg204 ( Figure 5 ). In particular, the location of the Arg127 side chain varies up to 9.6 Å, and that of Arg204 up to 6.8 Å. The superposition of occupied and vacant binding sites provides a snapshot of how these residues may change conformation during binding. When NADH is present, these side chains form optimal interactions, implying that they play an important role in positioning NADH. Presumably, open conformations of Arg127 and Arg204, as well as of the flexible loop of residues 224-240 (Figure 4) , would be required for NAD(H) exchange. The role of the flexible loop carrying Tyr235 in binding or release of NAD(H) has been suggested based on the structure of the NAD complex (9) and is supported by NMR and mutagenesis data (3). Participation of this loop in NAD(H) binding is also consistent with inhibition by FSBA which modifies Tyr245 of bovine TH (Tyr235, Figure 4) (5) . This result is supported by the structure where domain I crystallized in the presence of NADH contains one NADH per dimer in each of two dimers in the crystallographic asymmetric unit (Figures 2 and 3) . Together, the NADH-bound and 'apo' structures (Table 1) provide four crystallographically independent copies of the domain I dimer. We compared the AB and CD dimers with and without NADH bound to address a possible allosteric mechanism accounting for the half-of-thesites reactivity. Least-squares superposition of the four dimers results in rms deviations for 670 CR atoms of 0.52, 0.92, and 0.98 Å. Comparison of the AB vs CD dimers about their local 2-fold axes, such that the NADH-bound A and D subunits are superposed, indicates a significant (∼1 Å) contraction around NADH. This contraction has also been observed for the NAD complex of domain I (9). Flexible portions of dI.1 and dI.2 pack closer to the nucleotide, including residues 126-136, the loop following the b 2 strand (Arg204), the loop following the d 2 -strand (residues 267-271), and the highly mobile loop (residues 232-236) ( Figure  4 ). In addition, conserved residues 166-168 at the tip of the extended -hairpin in the 2-fold-related subunit move toward NADH.
However, despite the observed contraction around the NAD and NADH upon binding, the structures do not show systematic positional shifts within the 2-fold related subunit or NAD(H) site when the independent copies of the AB and CD dimers are superposed. Consequently, the half-of-thesites binding exhibited by domain I does not appear to be due to a net conformational difference in unoccupied NAD(H) sites, i.e., allostery. Perhaps flexibility necessary for binding in a 2-fold related site is restricted when one NAD(H) is bound. This would not be surprising in view of the intimate association of subunits, i.e., the interdigitating extended -hairpins, the packing of helices from each subunit about the local 2-fold, and the contacts of the -hairpin with these helices (Figure 3) . Interactions across the dimer interface, influencing conformation in the 2-fold subunit, have been envisaged as part of the 'alternating site, binding change mechanism' for TH (11) . In the context of this mechanism, an explanation for the half-of-the-sites reactivity of TH is that the entire polypeptide, i.e., dI-dII-dIII, functions as a single cooperative unit, so that only half of the dimeric enzyme can bind NAD(H) at a given time (11) .
NADH Vs NAD Binding. In Figure 6 five independent copies of NAD(H)-bound structures are superposed: these are for NADH in the A and D subunits ('NADH_A', 'NADH_D') ( Table 1) ; NAD in the corresponding A and D subunits in the same crystal form ('NAD_A', 'NAD_D') (9); and NAD in the A subunit of the heterotrimeric complex (denoted as 'NAD_Z') (10). Weak electron density for NAD was observed in the B and C subunits of the domain I dimer (9), and was modeled as ADPribose without nicotinamide (PDB code 1F8G). Weak electron density was also observed in the B subunit of the heterotrimeric domain I:domain III complex (10); this electron density was not directly interpreted (PDB code 1HZZ), but NAD was modeled into this site in order to study the interaction with domain III (11) . For the purposes of this comparison, we focus on models of NAD(H) fit to observed electron density.
The oxidized and reduced nucleotides are compared by superposition of the domain I protein structures. With reference to the NADH_A-bound subunit, the rms differences for all CR atoms in the NADH_D, NAD_A, NAD_D, and NAD_Z subunits are 0.44, 0.35, 0.55, and 0.66 Å, respectively. The conformation of NADH in the 'NADH_A' and 'NADH_D' subunits is very similar ( Figure 5 ). However, the NADH conformation differs very significantly compared to NAD (Figure 6 ). For the 'NAD_A' subunit, the nicotinamide is syn and N7 hydrogen-bonds with phosphate; for the 'NAD_D' subunit, the nicotinamide and ribose are shifted and the glycosyl torsion angle, while anti, is significantly rotated; for the 'NAD_Z' subunit, the nicotinamide ring superposes more closely with NADH but the carboxamide side chain is rotated differently. The variable conformations of NAD vs NADH are associated with different interactions with the flexible portions of domain I (9), and further illustrate the flexibility involved in binding and release of NAD(H) ( Figure 5) .
One explanation for the variable conformations of NAD vs the similar conformations of NADH is that electrostatic repulsion between NAD and Arg127 causes these groups to be reoriented. For the 'NAD_A' conformation, the nicotinamide interacts with phosphate, and Arg127 is disordered beyond Cδ ( Figure 6 ) but oriented away as in unbound subunits ( Figure 5 ). For 'NAD_D', the nicotinamide is significantly shifted, and Arg127 interacts with Asp135. For 'NAD_Z', the position of Arg127 is similar to that in the NADH-bound conformation, but the nicotinamide side chain and Gln132 differ somewhat. Thus, both observed NADHbound sites are very similar, but three NAD-bound sites each differ from each other. Hence, electrostatic repulsion appears to play a role in defining the conformation of NAD(H) and active site residues, although the 'NAD_Z' conformation shows that this is not the only factor. Nevertheless, this comparison of NAD-and NADH-bound states reveals a means by which nicotinamide oxidation state can influence enzyme conformation.
Kinetic experiments have defined two states for bound NADH, one with a K d of ∼30 µM, and one with a K d of ∼300 µM (24, 25) . These binding constants are interpreted as corresponding to favorable binding when domain I is associated with domain III (with NADP bound) in the 'open' state, and weaker binding when domain III is converted to the 'occluded' state prior to rapid hydride transfer (11) . The variable conformations of NAD and NADH are consistent with the two types of K d values for NADH (11, Figure 6 ). However, in the absence of an actual complex with domain III, it is not possible to identify the bound state of NADH, as observed in isolated domain I, as corresponding to the high-or low-K d form.
DISCUSSION
Transhydrogenase couples proton translocation across a membrane in both mitochondria and prokaryotes with hydride transfer between NAD(H) and NADP(H) (eq 1). The hydride transfer is direct and involves the 4A position of NAD(H) and the 4B position of NADP(H). Consequently, domains I and III must come into close proximity in the intact enzyme (1) (2) (3) (4) . Because the difference in the reduction potentials of NADPH/NADP and NADH/NAD is negligible (∼5 mV), and all the reactants and the products occur on the same side of the membrane, the driving force for outward proton translocation, coupled to the reverse reaction, must be the difference in the binding energies of the reactants (NADPH and NAD) and the products (NADP and NADH). In other words, outward proton translocation is driven via conformational change due to binding of NADPH and NAD vs NADP and NADH (1, 2) . Conversely, the pmf alters TH conformation when protons are translocated inward in the forward reaction, resulting in increased affinity for NADH and NADP and acceleration of hydride ion transfer from NADH to NADP (1-4) .
Interaction of Domains I and III. It is of interest to evaluate the forward reaction, i.e., transfer of hydride from NADH to NADP, in view of the available crystal structures (7-11; Table 1 ) and the requirement that NAD(H) and NADP(H) must come into direct contact. Expressed soluble R. rubrum domain I and bovine domain III cross-react to catalyze transhydrogenation (26) ; thus, the absence of domain II, which is membrane-intercalated and contains the proton channel, does not prevent association of the soluble domains. Previously, we determined the structure of bovine domain III with NADP bound (7) . Because bovine domain III and R. rubrum domain I cross-react, and because the structures correspond to the correct oxidation states (NADH, NADP) in the forward reaction (eq 1), we modeled this heterologous complex (Figure 7) . The model was constructed based on the crystal structure of the heterotrimeric R. rubrum domain I:domain III complex (10, 11) . The R. rubrum subunit dI(D) with NADH bound was superposed onto the B subunit of the heterotrimeric complex (rms deviation 0.63 Å for all CR atoms). For domain III, the sequences from bovine and R. rubrum are 24% identical and >40% conserved, and the structures are overall very similar (7, 8) . The bovine domain III with NADP bound was superimposed onto domain III of the R. rubrum heterotrimeric complex (rms deviation 0.89 Å for 174 CR atoms). As expected, the resulting model shows overall shape complementarity of domains I and III and conserved residues in close proximity (Figure 7) , as observed for the all R. rubrum heterotrimeric complex (10, 11) .
In structures of enzymes containing NADH or NADPH, the dihydronicotinamide ring stacks parallel with substrate or flavin, and the C4 atom is within 3.0-3.5 Å of the hydride acceptor, consistent with direct hydride transfer (27) (28) (29) (30) . Except for glutathione reductase (30) , these enzymes follow the correlation that transfer from the pro-R (A) face of the dihydronicotinamide is favored when the glycosyl torsion angle is anti while transfer from the pro-S (B) face is favored when it is syn (23) . In TH hydride transfer occurs between the A-face of NAD(H) and B-face of NADP(H) (1) (2) (3) (4) . In accord with the preferred stereochemistry, the glycosyl torsion angles for NADH and NADP are anti and syn ( Figure  7) , respectively. However, the C4 atoms of the nicotinamide rings of NADH and NADP are far apart (6.4 Å) and not coplanar ( Figure 7) . A similar result was obtained when NAD was modeled into the 'B' subunit of domain I in the heterotrimeric complex, based on consideration of the NAD binding site in the 'A' subunit and rotation of flexible torsion angles to place NAD(H) adjacent to NADP in domain III (10, 11) . In this case, the C4 atoms are 6.5 Å apart and the nicotinamide rings are also significantly nonparallel. Hence, the models for the interaction of NADH and NADP in the domain I:domain III interface are consistent, but as discussed with respect to the heterotrimeric complex (11), it is clear that for direct hydride transfer to occur, which is also very rapid (31), there must be movement of the subunits and/or the nucleotides.
What might be the driving force to make domains I and III interact more closely? It seems possible that electrostatic effects due to nicotinamide net charge, as seen for NADH vs NAD in domain I (Figure 6 ), could also influence the interaction between domains. In addition to Arg127, Arg204, and Asp135 in domain I, which can exhibit several conformations ( Figures 5 and 6 ), there is a conserved arginine in domain III close to NADP (Arg90 in R. rubrum, ref 11; Arg66, Figure 7 ). These invariant charged residues are likely to be critical in defining the active conformation (11, 31) . At the same time, flexible loops in domain I, and loops adjacent to NADP in domain III (loops 'D' with Asp131 and 'E' with Tyr171 in R. rubrum, ref 11; Tyr147 in Figure  7 ), could alter their conformation to allow closer association of the domains. A docked and active complex could also involve hydrogen bonding of conserved residues, such as Gln132 and Tyr147 (Figure 7) , with ribose groups of the cofactor across the domain interface, as seen in the heterotrimeric complex (11) .
The driving force for the overall reaction (eq 1) derives from the pmf in the forward direction, and from the difference in binding energy for NADPH and NAD vs NADP and NADH in the reverse direction. However, in the absence of domain II, water-soluble recombinant domains I and III interact and catalyze transhydrogenation (6, 25, 26) . Further, the rate of hydride transfer from NADH to NADP in the forward reaction is very fast (25, 31) . Hence, hydride transfer does not require domain II, and additional movement between domains I and III to form an active complex is not dependent on proton translocation. Nevertheless, alternate conformations of domains I and III must arise as a result of binding oxidized and reduced nicotinamide nucleotides. For example, NADPH has a dramatic effect upon the trypsin sensitivity of TH at two remote sites (32, 33) , and it alters the rate of chemical modification at the NAD(H) site in domain I (2, 34) . NMR data indicate conformational changes in domain III upon NADP reduction (35) . Motion of domain III within TH is described in terms of 'open' and 'occluded' states in the 'alternating site, binding change mechanism' (11) . Based on kinetic data for the heterotrimeric complex in solution (24, 31) , the cocrystal structure with NADP bound to domain III, e.g., Figure 7 , corresponds to the 'occluded' state (11) . Recently, a conserved acidic residue ( Asp213) in an extramembranous loop of domain II of E. coli TH has been found to be required for proton translocation, suggesting a mechanism by which NADPH-induced movement of domain III could affect a pK a shift in domain II, which in turn would favor proton translocation (36) .
